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The effect of surface roughness orientation on PEEK 
(polyetheretherketone) transfer film volume in multi-directional and 
linear sliding 
By:  M. Placette, C.J. Schwartz 
Abstract 
Polymer transfer films are thought to reduce friction and wear during sliding. In such cases, 
a continuous, uniform transfer film is thought to yield better wear performance.  However, several 
polymers, including the thermoplastic polyetheretherketone (PEEK), do not always display this 
behavior.  Recent works analyzing transfer film quality of PEEK resulted in no clear correlation 
to wear.  Currently, the mechanisms for PEEK transfer film development are unknown, but there 
is evidence suggesting roughness orientation relative to sliding and frictional heating play key 
roles.  In this work, the development of PEEK transfer film is explored in relation to multi-
directional versus linear sliding, roughness orientation and temperature rise.  Three distinct wear 
paths were chosen for wear tests.  The transfer film of the square wear paths was analyzed using 
white light profilometry and imaging software to obtain the volume and area coverage by the film.  
The temperature rise during sliding of the bulk polymer pin was recorded with infrared camera 
radiometry for linear reciprocating tests.  Scratch tests and chemical etching were conducted on 
the polymer pin surface to evaluate any directional bias or crystallinity orientation induced by 
sliding.  It was found that wear debris and polymer chain orientation play no noticeable role in 
PEEK’s transfer film formation.  The transfer film gradient increased with frictional heating, and 
transfer film color changed under certain conditions.  This color changed also correlated to reduced 
wear. This study also confirms that transfer film development is strongly dependent on roughness 
orientation, and its effects are examined. 
 
I.  Introduction 
PEEK (polyetheretherketone) is a semi-crystalline polymer that has a large industrial 
interest.  Not only is PEEK a high strength and wear resistance material, but it also has low 
moisture absorption and low chemically reactivity.  In addition, PEEK is able to operate over 
220°C while still maintaining its high wear resistance [1, 2].  These properties give PEEK 
practical use in environments that exclude many other materials.  It is a biomaterial being 
considered  in spine, hip, and cranial implants [3] and has found utility in cryogenics and 
aerospace applications [4].  In the automotive and aviation industries, metal parts are being 
replaced with PEEK for lower weight and higher wear performance [5].  PEEK also has high 
promise for  improved efficiency in large industrial applications while reducing adverse 
environmental effects [6].  PEEK, like several other polymers, forms a transfer film upon sliding 
which is thought to be self-lubricating, but the mechanisms for the development of this film is 
not well understood despite being an intimate part of the wear process.   
Polymer transfer film forms when polymer material is transferred and attached to a metal 
counterface, but it is inconsistent in its relationship to wear.  Generally, transfer film is thought 
to reduce wear of several common polymers by lowering contact pressure and protecting the 
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polymer surface from further abrasion from a hard counterface [7].   A classic example is 
Polytetrafluoroethylene (PTFE) whose high-wear, neat form can be doped with certain additives 
that to allow stronger adhesion to the metal counterface which reduces wear [8-11].  Nylon when 
blended with copper monosulfide and polyphenylene filled with sulfide will both generate a 
better quality transfer film and reduce wear by the same mechanism [12, 13].  PEEK wear can 
also be decreased when filled with PTFE and zirconium dioxide, both transfer film enhancing 
additives [9] [14].  However, the role of transfer film as a wear-reducing agent is not universal, 
and the effect of transfer film may sometimes have adverse effects.  There are instances where a 
transfer film develops, but wear is increased.  For example, when transfer film is formed in ultra-
high-molecular-weight polyethylene (UMWPE), the film can increase roughness and abrade the 
polymer surface [15].  The bond of transfer film to the counterface can be poor, as in neat PTFE, 
resulting in transfer film but also considerable wear [8].  It has also been suggested that increased 
load and velocity can melt transfer film and remove it from the counterface, and in lower 
load/velocity cases provide a thermal barrier, increasing interfacial temperature [16].  PEEK 
transfer film in particular does not have a clear relationship to wear.  Studies that have attempted 
to examine this relationship have yielded inconsistent or unexpected results when using 
quantitative metrics.  Laux and Schwartz measured transfer film thickness and found no strong 
correlation to wear when introducing different molecular weights and suppliers [17].  Zalaznik et 
al. inspected wear tracks with scanning electron microscopy (SEM) and found that a thin transfer 
film reduces wear significantly [5].  An extensive quantitative approach was conducted by 
Haidar et al. who analyzed images of the transfer film for several PEEK composites to produce 
several variables for comparison including percent area coverage. Although there was a broad 
trend amongst all the PEEK blends examined that a thinner, more continuous film reduces wear, 
it is possible to achieve over an order of magnitude difference in wear with similar transfer film 
quality [18].   
Nevertheless, PEEK transfer film development has been shown to be influenced by two 
factors:  roughness orientation and reciprocation when sliding.  PEEK transfer film is more likely 
to develop when sliding perpendicular to roughness orientation compared to parallel, and under 
reciprocation a better quality transfer film of PEEK is generated [17]. PEEK wear is also well 
known to be dependent on roughness orientation above certain average roughness values [2].  
Thermal effects also seem to play a key or auxiliary role. Increased temperature of the interface 
induced by frictional heating improved transfer film of unfilled PEEK  [19].  The authors 
speculated that the increased temperature increased polymer-on-metal adhesion. The study also 
implied that the transfer film was able to cool interfacial temperatures below those predicted by 
flash temperature theory as the interface was lower than glass-transition of the PEEK [19, 20].  
Wear mechanisms have been shown to shift after glass transition in PEEK, and investigators 
have speculated that thermal softening of PEEK could facilitate more material transfer [21].  
There is a need to investigate these factors further as no clear, empirical explanation has been 
achieved for how they relate to transfer film and the wear cycle of PEEK. 
The purpose of this study is to examine the fundamental effect of three tribological 
parameters-roughness orientations, reciprocation versus multi-directional sliding, and frictional 
heating-on the formation of PEEK transfer film and resulting wear. This was explored by using 
three distinct wear paths that isolated the effect of roughness orientation.    In square wear path 
experiments, a transfer film volume gradient was notice on the legs perpendicular to roughness.  
Three hypotheses that could potentially explain this transfer film attribute were proposed and 
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tested with the ultimate goal of exploring the mechanisms of transfer film development.  First, 
due to the 90 degree shift in direction, trapped wear debris or debris loosely collected on the 
counterface could feasibly be compacted to form transfer film upon turning, and this is 
investigated by changing test parameters to isolate this effect.  Secondly, directional 
strengthening via polymer chain alignment was investigated by chemical etching and scratch 
tests.  Lastly, thermal softening could be playing a role in PEEK transfer film deposition.  
Frictional heating was increased and decreased by altering the velocity in the above wear paths. 
Transfer film volumes and area covered are measured using a white light optical profilometer 
and imaging software.   It was found for certain tests a dark film deposition was developed, and 
this was investigated with Raman spectroscopy. 
II. Materials and Methods 
2.1 Experimental Materials 
Unfilled PEEK was used in all experiments in order to identify fundamental film 
deposition mechanisms and to avoid confounding effects of filler materials.  The A 6.35 mm 
diameter PEEK pin (Quadrant Plastics, Ketron PEEK 1000) was fabricated by cutting cylindrical 
stock at slow speeds. This PEEK is unfilled with a tensile strength of 110 MPa and melting 
temperature of 340°C. The pin was then circularly polished with abrasive (800 grit) on a two-
axis tribometer at 25 N for 30 minutes.  This was to ensure the pin surface would mate well with 
the counterface surface during testing. Though the surface roughness of the pins was not directly 
measured, it was assumed that the topology of all pins was similar and thus would not be a 
source of variance among the samples. The pin was then cleaned with an ultrasonic bath by 
sequentially bathing the sample in acetone, a soap-water mixture, and deionized water.  Finally, 
the sample was rinsed with ethanol to evaporate all excess water.  After air drying, the sample 
was then weighed.  After the wear test, the cleaning procedure was repeated, and the sample was 
weighed again to determine wear loss.  All counterface materials were A36 hot rolled-steel with 
a hardness of 62.4 HRB.  The plates ground to a Ra roughness of approximately 1±0.1 µm 
(Okamoto PSG 63UA) as roughness below this threshold significantly reduces roughness 
orientation effects on wear in unfilled PEEK [2]. The grinding process naturally produced 
parallel and perpendicular roughness directions. After the wear test, the counterfaces were 
carefully saved for transfer film analysis. 
2.2 Wear Testing 
All wear tests were conducted on a two-axis tribometer (Rtec Instruments, San Jose, 
California) represented by Fig 1.  The stage was moved with two independent stepper motors 
(XY) controlled with motion software.  Velocity and wear path were also regulated through this 
motion control software.  Load was applied in the z-axis by a controlled linear motor.  The six-
dimensional load cell was capable of measuring force in all three axes as well as measuring 
torque.  
The primary aim of this work was to determine the impact of roughness direction on the 
deposition of transfer film, with the assumption that film formation has a considerable impact on 
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wear amount. This investigation did not focus on attaining steady state wear of the polymer, for 
two reasons: 1) the fundamental process of film deposition occurs – essentially by definition – 
during the run-in phase of wear, and 2) there are tribological applications of polymer bearing 
materials that do not ever achieve a fully run-in condition due to intermittent low-cycle use. 
Three distinct wear paths were chosen to explore the effects of sliding direction with respect to 
counterface roughness. First, separate linear reciprocating tests biased perpendicular to 
roughness orientation and biased parallel to roughness orientation were conducted.  The diagram 
of these wear paths are shown in Fig. 2.  The path length was 50 mm for a total of 100 mm for 
each cycle, and paths were traced with stops in the center to simulate the stops of square paths 
tests.  This was to account for any effects these stops and acceleration would have on the transfer 
film development process when comparing to square tests.  The average velocity and number of 
replications of these tests are shown in Table 1.  Each test was run for a total sliding distance of 
0.25 km at a contact pressure of 4.58 MPa.  Next, square wear paths were traced with two legs 
perpendicular and two parallel to roughness, which simultaneously tested the effects of 
roughness orientation and multi-directional sliding.  A diagram for this set of wear paths is 
shown in Fig. 3.  The square paths were traced with 45 mm side lengths for a total sliding 
distance of 180 mm per cycle.  The square paths had two sides in the x-direction aligned 
perpendicular to roughness and two sides in the y-direction parallel to roughness.  The velocity 
of the perpendicular sides was held constant, while the parallel side velocity was varied from 
0.15 mm/s to 15 mm/s.   The details of the square tests including velocities are located in Table 
2.  These tests were also run for a total sliding distance of 0.25 km at a contact pressure of 4.58 
MPa.  It was hypothesized that with load held constant, frictional heating is largely governed by 
sliding velocity.  This was the purpose of using different velocities on the square wear paths to 
test the frictional heating hypothesis. In addition, a third wear path was included to further test 
the probability of frictional heating effects, shown in Fig. 4, by varying the average velocity from 
0.14 mm/s to 11.58 mm/s.  This path was linear reciprocating with no stops and a strictly parallel 
bias.  Table 3 displays the testing parameters of this set of tests.  Each distinct wear test was 
given test identification for brevity which is found in Tables 1-3. Parallel (║) and perpendicular 
(┴) symbols indicate the direction of sliding relative to counterface roughness which will be 
referred to as parallel biased and perpendicular biased respectively.  The linear path lengths 
differed from the square path side lengths due to spatial limitations of the tribometer. 
 




Figure 2:  Diagram of linear reciprocating wear paths with central stops with a) a parallel roughness bias (A║) and 
b) perpendicular roughness bias (A┴).  The sliding distance of one cycle was 100 mm, and the contact pressure was 
4.58 MPa.  Tests were conducted for a total sliding distance of 0.25 km 
Table 1:  Experimental parameters of the linear reciprocating with stops wear path shown in Fig. 2. 
Path Geometry Test ID Vavg (mm/s) No. of Tests 
Linear Recip. Stop 
A║ 11.58 ║ 2 
(Parallel) 
Linear Recip. Stop 






Figure 3:  Diagram of square wear paths with side lengths of 45 mm and contact pressure of 4.58 MPa.  Parallel 
sides had varied velocity (V1, V2) and perpendicular velocities were held constant.  Tests were conducted for a total 
sliding distance of 0.25 km. 
Table 2: Experimental parameters for square wear paths seen in Fig. 3. 
Path 






S1 15  ║ 15  ║ 11.58 2 






Figure 4:  Diagram of simple linear reciprocating wear paths with a strictly parallel roughness bias.  The stroke 
length was 50 mm and contact pressure was 4.58 MPa.  The total sliding distance was 0.02 km. 
 
Table 3:  Experimental Parameters of the simple linear reciprocating wear paths shown in Fig. 4. 
Path Geometry Test ID Vavg (mm/s) No. of Tests 
Linear Recip. B1║ 0.14 ║ 1 
(Parallel) 









2.3 Transfer Film Analysis 
Because of the clear visible evidence of transfer film being deposited in perpendicular 
sliding and a visible gradient in film coverage, the transfer films of several tests perpendicular to 
roughness were analyzed with a white light interferometry based profilometer (Zygo 
NewView700) to determine transfer film gradient volume.  A special film application in the 
analysis software (MetroPro, Zygo Corp.) was used to measure the volume of transfer film 
deposited on the counterface by recognizing the separate fringes of polymer and metal.  This 
generated a three-dimensional map which could differentiate between the areas occupied by the 
two separate materials, which could then be used to estimate the volume of transfer film on the 
counterface.  An area analysis was conducted with the above surface maps using image analysis 
software (ImageJ) where the total area covered was calculated.  To observe any gradient in 
volume or area in transfer film, the area and volume analysis was applied to the perpendicular 
biased legs of the square wear paths.  Measurements of the entire wear path cross-section were 
taken at intervals along the perpendicular side.  The corner of the square path where the pin 
changed directions was not considered in this analysis. 
A dark deposition developed on the counterface in certain linear reciprocating tests.  To 
determine the nature of this deposition, an attempt was made to replicate this deposition without 
sliding.  PEEK samples and steel counterface were clamped together and soaked in an isolated 
convection oven.  The assembly was soaked for two hours at 100 °C, 200 °C, 218°C, 237 °C, 
and 275 °C to determine if a thermally activated film developed and at what temperature.  
Raman spectroscopy was performed to determine the chemical composition of both the soaked 
samples and the actual deposition formed during the wear test. 
2.4 Chemical Etching and Micro-Scratch Testing 
 A hypothesis was proposed to explain the transfer film gradient found in the 
perpendicular biased legs of the square wear paths.  It is known that some polymers like 
UHMWPE can orient surface chains in direction of sliding, and thus directionally strengthen its 
surface, reducing wear in linear reciprocation or increasing wear in multi-directional sliding [22].  
PEEK can be directionally strengthened in bulk [23].  To test this hypothesis of directional 
strengthening, chemical etching and micro-indenter scratch tests were conducted to determine if 
the surface exhibited any evidence of chain orientation.  Permanganate etching was done by the 
method described by Olley et al. [24].  Two PEEK pins were cut, polished as previously 
described, and etched for 1 hour.  One pin was etched but not wear tested and served as a control, 
and one pin was etched after wear testing with S1 test parameters.  These samples were 
investigated at room temperature with SEM (FEI Quanta 250 FE-SEM, 3kV)  at various 
magnifications to determine microstructure and chain orientation. 
 A total of eight pins were prepared for the scratch tests to further explore direction 
strengthening.  Four pins were prepared but not wear tested and served as a control group, and 
four pins were worn by a wear test.  The friction and tangential forces during scratch were 
acquired using a custom-built micro-tribometer used in a previous study  (apparent area ~1,000 
µm) [25].  A schematic of the micro-indenter components is shown in Fig. 5.  A 75 micron 
diameter prove is placed at the end of a crossed I-beam structure, which is lowered using a linear 
stage.  The normal and the friction (lateral) forces are measured using semiconductor strain 
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gages on the cantilevers. The resolution of frictional force is approximately ± 5 µN and normal 
forces to approximately ± 15 µN. The signal from the normal load is monitored and used in a 
simple proportional-integral (PI) feedback loop to maintain the desired normal force regardless 
of any slope or waviness in the surface of the sample.  PEEK pins were then loaded with a 0.225 
N load with a sliding distance of at least 4 mm at 0.05 mm/sec.   
 
Figure 5:  Schematic of custom-built micro-indenter used for scratch tests [25]. 
2.5 Infrared Radiometry 
A thermal camera (FLIR A600) was used to investigate the temperature rise of pins 
during linear reciprocating sliding tests.  To calibrate the emissivity for the PEEK pin as 
described by the manufacturer, a cleaned PEEK pin was partially covered with black electrical 
tape and was thermally soaked for two hours at 40°C. The pin was quickly removed and thermal 
images were quickly recorded for the sample.  The emissivity was changed until the PEEK pin 
agreed with the known temperature of the electrical tape (emissivity ~0.95).  This emissivity was 
found to be approximately 0.44.  During each test, black electrical type was applied to the 
sample holder thermally isolated from the pin.  This temperature was recorded for an ambient 
reference.   The emissivity and reference temperature was then entered into the thermal camera 
software to ensure the temperature of the pin would be accurate.  For wear tests, the thermal 
camera was positioned perpendicular to sliding, and periodically temperature videos lasting 60s 
were recorded.  Maximum, minimum, and mean temperature for each video sample was 
gathered.   
III. Results and Discussion 
3.1 Wear, Friction Coefficient, and Transfer Film Observations 
Three distinct wear paths were chosen to test the influence of roughness orientation and 
multi-directional sliding on the wear process of PEEK.  The wear volume of the linear 
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reciprocating tests with intermediate stops is found in Fig. 6.  The wear of the parallel bias test 
(A║) has higher wear on average compared to the perpendicular bias test (A┴).  However, the 
wear for the parallel bias also has greater variance.  The parallel bias will overall generate less 
transfer film, but the potential for wear is greater which suggests transfer film is wear reducing.  
The coefficient of friction of the perpendicular bias was greater (0.33) than the parallel case 
(0.40), most likely due to increased adhesive forces of polymer-on-polymer film interactions.   
These results indicate roughness orientation has significant effect on transfer film volume and 
wear, but why this occurs is unknown.  Three hypotheses are proposed in this paper to explain 
film formation and the possible effect of roughness orientation and multi-directional sliding.  
First, as PEEK is worn and wear debris forms, the debris could be trapped at the interface where 
it is compacted, compressed, and adhered during sliding.  In multi-directional sliding, this could 
produce more film upon changing direction, and sliding with a perpendicular bias might produce 
more wear and thus more transfer film.  Secondly, directionality of polymer chains is known to 
effect the wear cycle in other polymer materials such as UHMWPE where the polymer chains 
can align in the direction of sliding, strengthening the polymer and reducing wear.  However, in 
circular paths, this has an increased wear effect because the chains cannot orient as the direction 
of sliding is not constant [26].  If this occurs in PEEK, multi-directional sliding could produce 
disparities in transfer film depending on roughness bias by the same mechanism.  The third 
hypothesis involves frictional heating.  Upon frictional heating, the PEEK at the interface would 
soften, the contact area and adhesion forces would increase, and then a transfer film would be 
formed.  Roughness orientation could possibly change the frictional heating at the interface as 
well as the available area for adhesion to take place, and thus have a large impact on film 
development. 
The wear results of the square wear path tests are shown in Fig. 7, and the average 
coefficient of friction for each square test was 0.33.  S1 and S2 have comparable wear, though 
the average velocity of S1 is over twice as high with one parallel side an order of magnitude 
lower (1.5 mm/s) than the baseline (15 mm/s).   Comparing Fig. 6 and Fig. 7, the square wear 
tests had greater wear than the linear reciprocating tests, though both tests had equivalent sliding 
distance, contact pressure, and in the case of S1, average velocity.  The difference in wear 
between square and linear path tests is greater than the difference in wear between just linear 
path tests.  This indicates reciprocation has a more dominant effect on wear than roughness 
orientation.  The authors hypothesize that this could be related to transfer film and the 
mechanical aspect of reciprocation versus non-reciprocation.  In reciprocation, the transfer film 
can be mechanically smoothed by the constant backward-forward motion of the pin which would 
lower contact stress while still protecting from abrasion.  It is important to note that neat PEEK 
adhesion to metal is generally thought to be weak [27], so without reciprocation, the continuous, 
unidirectional mechanical pushing of the pin could detach transfer film from the counterface 
forming wear debris or simply push transfer film in the direction of sliding.  The latter could 
increase roughness of the film and thereby increase contact stress and wear.   
Linear reciprocating tests without stops were conducted to test the effect of frictional 
heating, and these results are displayed in Fig. 8 and Table 6.  The 0.15 mm/s test produced a 
very small amount of wear when compared to the 15 mm/s test.  Visually investigating the wear 
debris fields of these tests showed no significant difference in loose wear debris despite having 
significant disparity in wear results.  Therefore, there is no evidence for the wear debris 
compaction hypothesis discussed previously in this section, so it was rejected.  However, wear is 
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highly dependent on velocity in these tests.  In square path tests, wear shows a lower dependence 
on velocity.  These observations indicate that reciprocation has the most dominant effect on the 
wear cycle followed by velocity of sliding.  This is not unexpected because polymers are well-
known to have operating limitations based on velocity.  Roughness orientation is the least 
influential of the factors investigated.   
 
Figure 6:  Wear volume of linear reciprocating wear paths with stops.  Error bars indicate mean standard error. Wear 
rates (mm3/km): A‖ = 4.40, A⊥ = 3.54. 
 
Figure 7:  Wear volume of square wear tests.  Error bars indicate mean standard error, and wear volume of A║ and 






Figure 8 Volumetric wear for simple linear reciprocating wear paths.  Linear reciprocating wear paths slid for a total 
of 0.02 km distance. Wear volume of A║ and A⊥ is graphed for reference (total sliding distance 0.25 km), and 
error bars indicate mean square error when applicable. Wear rates (mm3/km): B1║=6,B2║=28, A║=4.40, 
A⊥=3.54, respectively. 
While not quantitative, observation of transfer film can lead to valuable information 
about the wear cycle and nature of transfer film.  Fig. 9 displays the wear track of a square wear 
test with velocities of 15 mm/s on all sides (S1) and two linear reciprocating tests with a 
perpendicular bias (A⊥).   The transfer film has a clear disparity between perpendicular and 
parallel biased legs of the square wear paths as seen previous studies.  However, a clear gradient 
of film can be seen in Fig. 9a from Point 1 to Point 2. Compared to Fig. 9b, the square transfer 
film is more discontinuous and has a lumpy appearance.  Fig. 10 displays white light 
profilometry images of transfer film for a square and linear reciprocating wear path.  The average 
roughness of the square and linear tests are Ra=3.46 µm and Ra=2.71 µm respectively.   The Ra 
measurement for the square path is higher, and the film appears to be thicker and less continuous 
according to Fig. 10.  Given the wear results of the tests corresponding to these films, the transfer 
film for non-reciprocating sliding is not as effective in preventing wear as reciprocating sliding 
despite appearing to have more volume.  These observations and wear results seem to suggest 
volume and thickness of transfer film is not a good predictive metric for wear.  In fact, a thin, 
more continuous film seems to indicate less wear.  Therefore, transfer film quality must be 
viewed in terms of factors such as reciprocation, sliding velocity, and roughness orientation. 
The linear reciprocating tracks with stops and a parallel bias (A║) are shown in Fig. 11.  
A dark deposition was formed on this counterface, and the nature of this film was closely 
investigated.  This film appears to have wear reducing effects as Fig. 11a has a more developed 
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dark deposition and had lower wear than Fig. 11b.  Figures 9 and 11 show two distinct types of 
deposition were developed in the wear tests.  Both the dark deposition and transfer film gradient 




Figure 9:  Wear tracks of a) S1 square tests where parallel sides had velocities of 15 mm/s and b) LS2 linear 










Figure 10:  Three-dimensional topological maps of: a) square wear track, and b) linear reciprocating perpendicular 

















Figure 11:  Wear scars of A1 parallel linear reciprocating tests with stops.  A dark deposition is formed in both, but 
wear was reduced for the sample with more deposition coverage (top). 
3.2 Dark Deposition Investigation 
In linear reciprocating tests (B1), transfer film was present in some cases, but the least wear 
occurred when the wear track had a dark deposition as seen in Fig. 11.  Based on the replicate 
experiment performed in the oven, the results in Fig. 12 showed that below 234°C, a white film 
developed, while above 234°C a darker deposition was partially formed.  A Raman shift at 1200 
cm-1 and 1600 cm-1 was observed for the films deposited in Fig. 11 as well as the films in Fig. 
12.  The results indicated that the dark deposition is in fact PEEK that has changed color.  Given 
that the composition of the deposition is identical to more developed transfer film and its 
presence corresponds to lower wear, this is evidence to suggest the thickness of the film is not a 
good indicator of its effectiveness of reducing wear as found in a previous study [17] and the 









Figure 12:  PEEK pins were clamped to steel counterfaces and heated to a) 218°C and b) 275° for two hours in 
forced convection oven. 
3.3 Directional Strengthening Hypothesis:  Scratch Tests and Chemical Etching  
Scratch tests and chemical etching were conducted to test the hypothesis of direction 
strengthening of PEEK in order to determine the cause of the transfer film gradient seen in 
Figure 9a.  SEM images for the chemically etched PEEK pins are shown in Fig. 13.  Fig. 13a and 
13b show the pins which were not worn and those that were wear tested respectively with scale 
indicated.  There are no spherulites visible on either surface, and no directionality in polymer 
crystallinity was apparent after the wear test.  The lack of crystal structure demonstrates that both 
surfaces are amorphous before and after being worn as etching removes the amorphous phases.  
These results were also in agreement with  previous studies [28].   
Scratch tests were also conducted to further confirm that no directional strengthening 
occurred during wear tests.  The force required to scratch the PEEK surface are compiled in Fig. 
14.  There is no clear correlation with direction of the scratch tests and force.  From the control 
samples that were prepared, but not worn, there are instances of greater force at certain angles, 
and this is also true for the worn samples.  
The directional strengthening hypothesis was proposed to explain the gradient of transfer 
film found in the square paths.  Chemical etching revealed no visible chain orientation, and 
scratch tests on worn pins compared to unworn control samples showed no indication of 
directionality.  Together, these two procedures give no evidence of directional strengthening and 
falsified the directional strengthening hypothesis. 
  
  








Figure 14:  Scratch test results for unworn control samples and wear tested samples from square test (S1).   The 
average force needed to slide a 75 micron diameter indenter at a 0.255 N load is plotted for each direction.  The 
probe was slid at 0.05 mm/s for approximately 4 mm.  Tests were conducted three times at different angles along the 
PEEK pin at 0, 120, and 240 degrees.  0 degrees is in the x-direction indicated by Fig. 3. 
3.4 Thermal Softening Hypothesis:  Transfer Film Analysis 
The transfer film deposited by the square tests was analyzed with the optical 
profilometer, and the software was able to produce 3D maps that could estimate the PEEK 
volume on the steel counterface.  The results of this volume along the leg perpendicular to 
roughness excluding the corner where the pin changed direction are displayed in Fig. 15.  The 
distance along the leg is in the direction of sliding.  Fig. 15 shows films that resulted after 15 
mm/s sliding on the parallel leg and shows films after slower sliding (1.5 mm/s).  The transfer 
film after the 15 mm/s leg has a somewhat stronger gradient than the slower sides, though both 
showed evidence of such behavior. This phenomenon suggests a larger volume of film being 
deposited immediately after a change in sliding direction. With a smaller mean standard error of 
the faster sliding speed compared to the 1.5 mm/s speed, it is possible that the gradient produced 
during faster sliding is more pronounced.  If the wider mean standard error of 1.5 mm/s sliding is 
considered, it suggests less of the gradient phenomenon was present in this case.  Fig. 16 
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presents the percent area coverage of the transfer film for each velocity case.  There is no 
indication of gradient in area coverage in any transfer film examined, and percent coverage lies 
between 70-90% in all cases.  Therefore, area covered by transfer film does not seem to correlate 
to wear in these tests. 
The thermal softening hypothesis proposed in this paper states that transfer film is the 
result of frictional heating of PEEK that is then deposited by adhesion.   For square wear paths, 
this means when sliding with a parallel bias, little film is deposited and the heated volume of 
PEEK is accumulated on the tip of the pin.  This accumulated volume is deposited on the area of 
counterface just after the corner of the wear path upon perpendicular sliding.  Decreasing 
frictional heating by decreasing the velocity on the parallel sides of the square path would then 
decrease the film gradient.  Since Fig. 15 does not falsify this statement, the thermal softening 
hypothesis was not rejected.  However, more study is needed to confirm this hypothesis.  It is 
important to note that films can be developed without sliding as seen in Fig. 12, but at elevated 
temperatures.  This gives further evidence that the temperature rise at the interface is playing a 









Figure 15:  Transfer film volume analysis for perpendicular legs on square wear path after the 15 mm/s legs and 
after the 1.5 mm/s legs in square tests.  Error bars indicate mean square error. 
 
Figure 16:  Percent area coverage by transfer film on perpendicular square legs after the 15 mm/s legs and after the 
1.5 mm/s legs in square tests.  Error bars indicate mean square error. 
3.5 Bulk Temperature Rise 
Bulk temperature rise was obtained during linear reciprocating tests with stops (A║, A┴) 
by a thermal imaging camera and software.  The mean temperature rise of the bulk polymer pin 
is shown in Fig. 17.  The temperature rise increases with time for all tests, but perpendicular 
sliding has a higher temperature even early in the test where little transfer film has been 
developed.  The increased bulk temperature would undoubtedly mean increased interfacial 
temperature in the perpendicular test.  Given that film volume is visibly greater in the 
perpendicular case, this gives more evidence that interfacial temperature rise is correlated with 
transfer film development.  Despite an increase in coefficient of friction, temperature rise, and 
film deposition, the perpendicular test has lower potential for wear than the parallel test 





Figure 17:  Bulk PEEK pin mean temperature rise during linear reciprocating stop tests.  Error bars indicate mean 
standard error.  Lack of error bar indicates one measurement taken at the specified time. 
IV. Conclusions 
• Reciprocation plays a dominant role in the wear cycle followed by sliding velocity, while 
the least influential factor is roughness orientation. 
• Transfer film reduces wear in PEEK, but the volume and area covered by transfer film 
when it is present is not indicative of wear.  In this study, thin, continuous films 
correspond to less wear. 
• There was no evidence to support directional strengthening of the PEEK wear interface 
during sliding. Furthermore, the hypothesis of entrapped wear debris as a source of 
transfer film deposition had little plausibility based on the data collected. 
• Frictional heating is playing a key role in PEEK transfer film mechanisms and can 
influence transfer film volume and development. 
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